Abstract. Multi-instrument observations of a Pg pulsation, which occurred on the morning of May 16, 1998, are reported. The wave signature was observed simultaneously on the ground, by the International Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometer network and in the ionosphere by the Doppler Pulsation Experiment (DOPE) high resolution HF Doppler sounder. The wave occurred in the morning sector and possessed an azimuthal wave number, m, of 30+5 with a westward phase propagation. Shortly before the Pg commenced, energetic particle instruments on board the Polar spacecraft detected protons with a non-Maxwellian energy distribution drifting westward toward the location of IMAGE and DOPE. An investigation has been undertaken to determine whether these particles were involved in the wave-particle interaction considered responsible for generating the Pg pulsation. Proton energies of around 7 keV, which occur at the low-energy edge of the unstable distribution (where Of/c•W > 0), satisfy the drift-bounce resonance relation, co-mcoa = Ncob, for N = 1. This result indicates that this particular wave is likely to be the result of a drift-bounce resonance mechanism and that it has an even mode standing wave structure in the magnetosphere. This result is discussed in terms of previous observations of Pgs.
Introduction
Giant (Pg) pulsations are a remarkable category of ULF waves exhibiting quasi-monochromaticity and comparatively long duration. The first large scale investigations of their characteristics were performed by Roll [ 1931 ] , Harang [ 1932, 1936] , and Sucksdorff [1939] on data sets from high-latitude Scandinavian magnetometers. Since then, there have been several studies of this phenomenon, which have led to the identification of various characteristics of these waves. They are observed to occur in the morning sector and predominantly at the equinoxes [Brekke et al., 1987] . Chisham and Orr [1994] demonstrated that they are mainly an auroral zone phenomenon. They exhibit moderately large azimuthal wave numbers, m [Chisham et al., 1992] , and are usually localized in latitude [Glassmeier, 1980; Chisham et al., 1990] . They occur rarely [e.g., Chisham and Orr, 1991] , during quiet geomagnetic conditions [e.g., Chisham, 1996] , and it has been suggested that Pg activity is quashed during substorms [Rostoker et al., 1979; Chisham, 1996] .
Observations of Pg pulsations and associated phenomena have utilized data from ground magnetometers [Green, 1979; Rostoker 
The Doppler Pulsation Experiment (DOPE)
In its current configuration the DOPE HF Doppler sounder [e.g., Wright et al., 1997] consists of four frequency stable transmitters and a four-channel receiver, which have ground separations of 40-90 km, giving near-vertical radio paths. A fixed frequency continuous wave (CW) 4.45 MHz signal is radiated from each transmitter and, after reflection in the F region ionosphere, is received at a common location at the ground.
Details of the transmitter locations are given by Yeoman et al. [2000] . DOPE data presented in this paper were recorded over one radio path with a ground separation of-40 km. In this case, e-and X-mode discrimination of the received signal was performed.
In the ionosphere the electric and magnetic field perturbations associated with an ULF wave, incident from the magnetosphere, cause changes in the phase path of the probing HF radio wave. The simplest form of change is an 'hdvective" [e.g., Wright et al., 1997 Wright et al., , 1998 
The IMAGE Magnetometer Chain
In addition to the Doppler data presented in this paper, data from the IMAGE ground magnetometer network in northern Scandinavia are also included. The stations used range in geomagnetic latitude from 63.25 ø at Pello (PEL) to 71.25 ø at Bjornoya (BJN). These data have a time resolution of 10 s and are reproduced in an X YZ (geographic) coordinate system. Spatially separated stations offer the possibility to determine the latitudinal phase change of an ULF wave as well as its azimuthal phase change, characterized by the effective azimuthal wave number, m, the number of degrees of change in phase per degree of longitude on the Earth's surface. Owing to the way in which ground magnetometers integrate information over an area with a scale length of the order of the E region height (-120 km) [Hughes and Southwoo& 1976] , phase mixing of signals from adjacent regions in the ionosphere results in the attenuation of waves observed on the ground with high m values (corresponding to small azimuthal scale lengths). The large amplitude and moderate m value associated with Pg pulsations means that some of them are observed at the ground.
The Polar Spacecraft
The objective of the Polar spacecraft, which was launched on February 26, 1996, is to make both high-and low-altitude measurements of the Earth's polar regions. The spacecraft describes a highly elliptical orbit, with apogee at 9 Earth radii (RE), perigee at 1.8 RE geocentric, and an inclination of 86 ø. The orbital period is about 18 hours. Initially, apogee was over the northern polar region, but apogee has been moving toward the equator at about 16 ø per year. Prior to the onset of the Pg measured by DOPE and IMAGE, the Polar spacecraft was traveling northward at a local time of about 1000 MLT. The TIMAS and CAMMICE (MICS) energetic particle instruments on board were making measurements of the local energetic ion population. Figures 8a and 8b illustrate ion energy spectra for the interval 0200-0700 UT on May 16, 1998. A population of ions with a non-Maxwellian (unstable) energy distribution were detected from about 0300 to 0600 UT. This distribution, which had an energy range of 6-34 keV, is significant for this study since such particles can couple to standing mode waves in the magnetosphere. Figure 9 shows ion distribution functions (IDFs) derived from both particle instruments for three 15 minute intervals (indicated by the shaded 
The Ionospheric Signature of the Pg Pulsation
In addition to the observations on the ground, the Pg signature was detected simultaneously in the ionosphere by the DOPE sounder. In contrast to the ground magnetometer observations, which have a spatial resolution of the order of the E region height [Hughes and Southwood, 1976 around to the morning sector without being scattered out of the magnetosphere. Chisham [1996] suggested that the combination of substorm activity followed by quiet conditions is an explanation for the rarity of Pg occurrence, as for very low particle energies (less than about 20-30 keV) the effects of the dawn-dusk magnetospheric electric field become significant and can cause these particles to drift out of the magnetosphere. At the low-energy end of the range where 8f/SW > 0, the drifting protons would have been strongly influenced by the dawn-dusk magnetospheric electric field. Owing to the unpredictability of the drift paths of the protons under these conditions, it is very difficult to identify an individual substorm as a source of these particles. In fact, the energies are so low that the protons may not be the result of a substorm. Rather, the unstable population could be the result of other magnetospheric processes. However, there was a significant amount of substorm activity several hou'.'s prior to the onset of the Pg pulsation, which could account for the observed plasma population.
It has been reported [e.g., Chisham, 1996] that there is an observed tendency for Pgs to occur on successive days, 24 hours apart. It is reasonable to hypothesise that the protons driving such waves are of low enough energy that they can drift in the ring current for some time without being scattered out of the magnetosphere, especially during geomagnetically quiet times, by the action of dawn-dusk electric fields. tentatively concluded that they may have been observing a giant pulsation, which was exhibiting an even-mode wave structure. The reliability of such observations is affected by the fact that it is difficult to know exactly where the spacecraft is located with respect to the "centre" of the standing wave (generally thought to be at the equator). Asymmetric conductivities in conjugate ionospheres could easily shift the centre of the wave away from the equator (e.g., see [Yeoman et al., 2000] that the occurrence of Pg-like waves is far more common than previously believed. They appear at the ground far less frequently due to the screening effect of the ionosphere on small scale sized waves such as these. Thus it seems reasonable to believe that these observations are related to the aforementioned commonly occurring ion distributions. The observed occurrence of these waves will then be determined by the drift-bounce or drift resonance matching conditions between the energetic particles and the field lines about which they gyrate.
In order to try to determine the harmonic mode of the wave in the magnetosphere, it is necessary to turn to the drift-bounce resonance relation (equation (1)). An integer value of the harmonic number, N, is necessary for this relation to be satisfied. Drift and bounce frequencies for magnetospheric protons of a given energy may be calculated [e.g., Parks, 1991; Chisham, 1996] . Considering N=-I leads to a solution for particles with energies in the MeV range, which is considered unlikely. N=0 (the so-called drift mode) would require particles with energies around 190 keV. However, particles of these energies were not detected by the CAMMICE (MICS) or CEPPAD (which has a higher energy range) [Blake et al., 1995] instruments on board Polar. In addition, particles of this energy would add the requirement that a substorm had occurred about 30 minutes prior to the onset of the Pg. There is no indication that this is the case. Turning to the case where N=I, however, the resonance condition is satisfied for particles with energies of around 7 keV. This is, of course, significant since this energy lies in the region of the ion distribution function, where •f/•W > 0, which has energy available to be fed into appropriate wave modes. The result suggests that the Pg described here is the consequence of a driftbounce resonance and forms an even-mode standing wave structure in the magnetosphere. It is unlikely that this resonance condition is met by chance. Examination of the IDFs (Figure 9) indicates that an alternative energy source for the wave does not exist, or at least is not measured by Polar. The period of this Pg lies at the long-period end of typical values reported by Chisham and Orr [1991 ] . If a drift-bounce mechanism is applicable to all Pgs, then this would imply that 6-10 keV protons are at the low end of "typical" particle energies for Pgs, since the solution to the bounce resonance condition (equation (1)) is dominated by their bounce angular frequencies. Utilising the methods of Parks [1991] and Chisham [1996] , the bounce and drift angular frequencies for the 7 keV protons have been calculated to be 3.4x 10 '2 and 1.12x 10 '4 rad s -1, respectively.
The result of Glassmeier et al. [1999] is significant since it presented the first particle measurements of the proton population responsible for driving the Pg wave. In general, the number of reported occurrences of such measurements is very low and those related to Pgs rarer still. The results presented here are, therefore, also significant since the IDFs cover a greater energy range and include those which we believe are the source population for this wave. However, since Polar was eastward of the location of the Pg, it is unable to contribute directly to the debate over harmonic mode. It did not measure the magnetospheric electric and magnetic fields associated with the wave, which is unfortunate. It is worth considering whether there are two types of Pgs, being driven by odd or even harmonics. However, additional observations are required in order to address this issue.
Summary
Multi-instrument observations of the Pg pulsation, which occurred on the morning of May 16, 1998 have been reported. It was observed simultaneously on the ground, by the IMAGE network of magnetometers, and in the F region ionosphere. The resonant location of the Pg was observed to move equatorward during the event. Comparison of the magnetometer and DOPE data suggests that the Pg is a poloidal Alfv•n wave and implies that an ExB advection mechanism may be dominant in the creation of the Doppler signatures for high-m waves. In addition, the result is important for current studies utilising Doppler sounders since it suggests that the Pg-like waves, which are detected by these instruments in the ionosphere but not observed at the ground, may be linked to the unstable ion distributions which occur commonly in ring current proton populations. The wave occurred in the morning sector and possessed an azimuthal wave number, m, of 30+5 with a westward phase propagation. Several hours earlier, substorm activity may have injected the plasma population necessary to trigger the wave-particle interaction required to generate the Pg pulsation. Two hours prior to the onset of the Pg recorded on the ground and in the ionosphere and slightly eastward of the Scandinavian sector, the TIMAS and CAMMICE (MICS) energetic particle instruments on board the Polar spacecraft were diagnosing the westward drifting plasma. Ion distribution functions, f, derived from the Polar data clearly show an unstable (non-Maxwellian) particle population with energies in the range 6-34 keV. The condition •½f/r)14/ > 0, indicating the part of the distribution where the particles could feed energy into appropriate standing mode waves in the magnetosphere, occurred for proton energies of-7 keV. It has previously been suggested that low-energy protons of this type are responsible for generating Pg pulsations. Although the absence of in situ measurements of the magnetospheric electric and magnetic fields associated with the Pg prevents a more direct measurement of the harmonic mode of the wave, the large energy range of the ion distribution functions presented here strongly indicates that low energy protons (-7-10 keV) provide the energy necessary for wave growth. This implies that a drift-bounce resonance mechanism, with an even-mode standing wave structure in the magnetosphere, was responsible for generating this particular wave. In addition, these observations are in agreement with the theoretical predictions of Oseke and Mann [2001] , which reported the results of modeling high-m Alfv•n waves driven by drift-bounce resonances. Considering all the observations of giant pulsations, three possible scenarios may explain the different types of observations. First, Pgs may exhibit a fundamental mode standing wave structure in the magnetosphere. If this is the case, then no one has so far successfully detected the particle population driving the wave. Second, Pgs may have an even mode harmonic structure. This view is consistent with some of the ground-based observations, but not with the majority of spacecraft observations. Finally, perhaps it is possible that the ion distribution associated with the Pg may actually drive both odd and even harmonics (perhaps even simultaneously). This could then explain why apparently two distinct types of wave are observed.
